The first problem deals with the degree of validity of the perturbation theory, in particular the Born approximation. This issue was pointed out by Carruthers himself as possibly invalid but still desirable before more sophisticated calculation [4] , but was often neglected in later developments. To remedy the large quantitative disagreement between Carruthers' theory and thermal conductivity measurements, such as in a prototype material LiF [6] , later developments gradually adopted an alternative dynamic scattering mechanism [7] [8] [9] . However, there is another possibility that the weak DPI comes from the perturbative analysis procedure other than from static strain scattering itself [4] -A weakly interacting approximation such as the Born approximation may underestimate the dislocation induced thermal resistivity. In fact, the Born approximation breaks down in treating the DPI due to the divergence caused by dislocation's longrange strain field (See Supplemental Material A). To the best of our knowledge, a non-perturbative approach has not been implemented in DPI studies to truly capture the longrange nature of this interaction.
The unsatisfactory early developments triggered a second problem, which is a decades-long debate regarding the origin of dislocation-phonon interaction, namely static strain field scattering [3, [10] [11] [12] [13] or dynamic vibrating dislocation scattering [14] [15] [16] [17] [18] [19] . This debate is partly due to the similar temperature dependence of the thermal conductivity ∝ ~ in either scenario, and such dependence is further limited by the experimental choice of measuring temperature dependence ( ). When dynamic scattering occurs, a dislocation starts to vibrate by absorbing a phonon, and subsequently emit a phonon (Fig.  1a) . A consensus gradually formed that a type of viscous dynamic scattering called fluttering plays a significant role in DPI [5, 7, 9, 19, 20] . However, the relationship between the static and dynamic scattering is still unclear. In fact, a formulism being able to treat both from equal footing was still unavailable.
Thirdly, the dislocation-phonon resonant scattering process can well be described by the Granato-Lücke model where a dislocation is treated as a vibrating string [16, 21, 22] . However, this simplification fails to describe many features of resonance, such as the phonon polarization dependence, anisotropy, and long-range strain effect, etc. [5, 23] . In particular, because of the restrictive framework of a classical string, most of the studies until now are limited to the classical elastic wave-dislocation scattering mechanism without referring to a quantized phonon [15, [23] [24] [25] .
In this study, we show that a quantum field theory of DPI, based on a quantized field of dislocations, called a "dislon" [1] , can easily resolve all above-mentioned problems beyond all expectations (and solve a few other problems as described below). To avoid the uncontrolled expansion in perturbative analysis, an exact functional integral approach is applied, resulting in a renormalized quasiphonon. The quasi-phonon naturally unifies static and dynamic DPI as the same origin of the dislon field, whose and re-emits another phonon ' . (b) Due to the electron-ion drag force, an electron is renormalized to a quasi-particle called a "polaron". (c) The quantum picture of the dislocation-phonon interaction. Due to the long-range field of the dislocation, a phonon starts to interact with the dislocation even far away from the core region, making renormalization a more suitable picture than scattering. After renormalization, the strong DPI disappears. We are left with the weakly-interacting quasi-phonons with a renormalized energy and a finite lifetime . imaginary part can be reduced to the well-known DPI relaxation time.
In fact, before formal introduction, classical DPI studies have already hinted at phonon renormalization, due to the drag force nature in the DPI [17, 22, [26] [27] [28] [29] [30] . This can be better understood from a direct comparison with a polaron [31] . An electron moving in materials coupling with a phonon will induce a local polarization known as the polaron (Fig. 1b ). In the case of the Fröhlich large polaron, the electron-phonon coupling matrix ( ) M q has component v  q where v q is the electron group velocity [31] . In the case of DPI, due to the similar dragging interaction proportional to the velocity (Eq. 2), it is not difficult to foresee that a phonon can also be renormalized as a quasiphonon ( Fig. 1c ). Unlike the classical picture in which a phonon collides with a dislocation and then is being scattered (Fig. 1a ), this phonon experiences the long-rage dislocation strain field even far away from the dislocation core. This gives the heuristic reason that a quantum field theory of dislocation capable of describing both its vibrating feature and long range spatial distribution is more suitable to describe the DPI process than classical particlelike scattering due to the extended nature of the dislocation.
To study the quantum interaction between a phonon and a dislocation, we adopt a fully quantized field of a dislocation, "dislon" defined in [1] . A dislon is a quantized collective excitation of a dislocation with vibration and strain energy, where the dislocation's definition ∮ = − is maintained (See Supplemental Material B). Starting from the second quantized Hamiltonian of the phonon and dislon fields, the total Hamiltonian can be written as
where a  and b  k are dislon and phonon field operators with dispersion ( ) The interaction between the dislocation and phonon originates from the fact that the total lattice displacement tot u is the vector addition of phonon displacement ph u and 
where  is the mass density, *  k ε is the phonon polarization vector, ( ) F k and ( ) m  are parameters defined in Supplemental Material D. By rewriting a dislocation line as an extended quantized field, the static dislocation feature is already incorporated since the static case becomes a special case of a full quantized dynamic field. Or rigorously, the definition ∮ = − is maintained through the dislon field definition, treating the static strain and vibration on an equal footing [1] .
Eqs. (1) and (2) can be solved by using an infinite-order Green's function method (See Supplemental Material G), but is too complicated to see essential physics. To gain more physical intuition on the influence of dislocations on phonons but avoid the uncontrolled uncertainty arising from low-order perturbative analysis, we take a nonperturbative functional integral approach [34] . The actions of the non-interacting phonon and dislon field in Eq. (1) in the Matsubara frequency domain can be written as (See Supplemental Material C) 
In order to eliminate the dislon degree of freedom, the effective phonon action is defined by integrating out the dislon degree of freedom as int eff ph
The effective action can finally be simplified using Keldysh rotation [35] and matrix operation as
, φ denoting the effective phonon field to distinguish from the bare phonon
is the phonon-dislon coupling strength, containing both dynamic scattering ≠ 0 and static scattering = 0. Equation (6) is the main result of this theory and contains rich physics: a) When 0 n J   (no DPI), it directly reduces to free phonon action Eq. (3). b) The    term indicates that only two phonons with identical z-momentum can be coupled by a dislocation, which makes good physical sense. c) It treats static and dynamic scattering from an equal footing. d) Most importantly, Eq. (6) shows that a phonon is dressed to a quasi-phonon → + upon interaction with a dislocation. As a very rough approximation, the diagonal matrix element in Eq. (6) gives the renormalized quasiphonon energy while the off-diagonal part gives quasiphonon relaxation rate (7) in the acoustic limit. For the static scattering, it is consistent with the classical Carruthers' result [4] This finally leads to 1 1
, consistent with the dynamic scattering results where the relaxation rate is independent of the Burgers vector b [16, 19, 36] . Eq. (7) also shows a feature of the phonon energy shift. To see this effect in more detail, we diagonalize Eq. (6) numerically to obtain the quasi-phonon spectra ( Intriguingly, compared to the perturbation theories which contain only averaged, structureless simple ω-dependence of relaxation rate as in Eq. (7), Eq. (6) has additional power to consider the anisotropic k-dependence hence capture the difference caused by the dislocation type, anisotropy and resonance. Fig. 2 (f-i) shows the relaxation rate of edge ( On one hand, for the transverse instance, at given κ, increases monotonically with for an edge dislocation ( Fig. 2f , static-like), but decreases with for a screw dislocation ( Fig. 2g , dynamic-like). In other words, even for the same phonon incidence, the DPI can be dominated by dynamic or static scattering depending on dislocation type. On the other hand, for the longitudinal instance, shows a peaked value at certain k ( Fig. 2 hand i), due to resonant DPI. Such resonance scattering goes far Fig. 3 . Lattice dynamics simulation of a supercell crystal without (a) and with (b) a dislocation in a supercell Brillouin zone. It is clearly seen that phonon energies are experiencing an anisotropic shift with a drop of group velocity (see for instance, the LA mode). This is highly consistent with the effective theory prediction using Eq. (6).
beyond the perturbative approach, where can only vary monotonically with ω.
Phonon spectra are assumed to be unchanged in almost all DPI studies. This is plausible for large samples due to the 1 A prefactor in the coupling strength n J  , but breaks down for small samples where dislocation has a higher weight. To further validate the prediction of Eq. (6) and to see whether this anisotropic energy renormalization is possibly observable, we performed a lattice dynamics simulation to compute the phonon dispersion with a 30 30 1   supercell with a hypothetical simple cubic crystal with lattice parameter a=2.2 Å, Poisson ratio ν = 0, Young's modulus 540GPa, and creating an edge dislocation with Burgers vectorâ x  b ( Fig. 3) . Compared with the non-dislocated dispersion (Fig. 3a) , the anisotropic energy red-shift (e.g. no shift along Γ-Y direction, shift from 85 to 70 cm -1 for LA mode along Γ-X direction) and reduction of group velocity by lattice dynamics simulation are correctly predicted through effective theory Eq. (6) (black dashed lines in Fig. 3b ).
All of the above DPI mechanisms dominate at very low temperature where anharmonic phonon-phonon interaction is weak. Dislocations may also reduce the thermal conductivity above the conductivity maximum temperature [13, 16, 36, 37] . This is explained as contributions beyond the dislocation, such as dislocation dipoles [16] or stacking faults [36] . In this case, the question whether this phenomenon is intrinsic (can be induced by dislocation itself) or extrinsic (such as stacking fault scattering) is not resolved. Here using the quasi-phonon picture, it can be shown directly that a dislocation can actually reduce thermal conductivity at all temperatures. From Eq. (9) where v E    To the best of our knowledge, this is also the first time the change of phonon dispersion caused by dislocation is considered.
The effective theory approach using Eq. (7) resolves another problem related to symmetry breaking. Phonons are well defined within the 1 st Brillouin zone as a result of lattice translational symmetry. The long-range strain field caused by dislocation breaks lattice periodicity hence blurs the definition of crystal momentum k as a good quantum number. In the process of phonon renormalization, according to Eq. (5), the symmetry-breaking dislon field χ is integrated out, the effect of dislocation on phonon can be discussed using weakly-interacting quasi-phonons within the restored 1 st Brillouin zone.
To summarize, we have shown that the dislocationphonon interaction has the nature of phonon renormalization. This feature is overlooked in perturbative analysis, and only becomes clear through a nonperturbative approach as is adopted here. A renormalized phonon unifies the decades-long debate between static and dynamic dislocation-phonon scattering mechanisms. By treating a dislocation line as a quantized field, both its long range nature and vibrating properties are automatically captured. In the present study, we focus on providing a theoretical framework, but do not intend to seek quantitative agreement with realistic materials, for the following reasons: a) The classical fluttering model [17, 18] prior to quantization has already obtained excellent agreement with experiments. b) The relaxation rate is shown to be reducible to classical results. c) Experimental agreement of ( ) is not a sufficient condition to reveal the nature of dislocation induced thermal resistivity, as the k-dependence of relaxation is ignored in classical theories, left with a simpler ω-dependence. Instead, we focus on the multiple possibilities of what a quantized dislocation, "dislon", can bring. It opens up an unexplored territory of dislocation-phonon relaxation structure, depending on energy, momentum, anisotropy and dislocation and phonon types. The picture of the renormalized phonon provides insights not only as a conceptual breakthrough, but also as
where a is the potential range and 0 V is the potential strength. This is indeed in sharp contradiction with the case of dislocation-phonon interaction, where long-range interaction and strong interaction potential are at present. Quantitatively, the Boltzmann equation describing phonon transport with dislocation line scattering can be written as [S1],   2 22
Where v is the average sound velocity, g is a dimensionless constant, b is the Burgers vector, 12 to cancel out the divergence and circumvent the issue from perturbation analysis. This assumption groundlessly links the scattering angular distribution  to the Bose occupation factor q n , as mentioned by the author in [S1] as "hides a multitude of sins".
B. Summary of Dislon-the quantized field of crystal dislocation
Assuming that an infinite-long straight dislocation is located at (x,y)=(0,0) along z-direction, with the displacement of the dislocation at position z is ( 
In this way, the classical kinetic energy and potential energy of this dislocation can be written as
In a quantum-mechanical picture, by imposing canonical quantization condition , [ , ]
We could define the creation and annihilation operators by 
C. Derivation of Dislon and phonon actions

D. Derivation of dislocation-phonon interaction action
We derive the action from Hamiltonian approach. The interaction Hamiltonian comes from the fact that total displacement tot ph dis  u u u . The cross term from potential energy ph dis  uu vanishes [S4, S5] , left with the non-vanishing cross-term from kinetic energy: 
From now on we neglect the phonon mode label λ, but only studies the interaction between single-mode phonon and dislocations.
E. Derivation of phonon effective action
The total partition function is written as functional integrals of both phonon and dislon fields, or equivalently effective phonon field as
Where D denotes the functional integration over all field configuration.
The effective action of phonon can be defined after elimination of dislon degree of freedom as where s and s' denote the in-plane 2D momentum index before and after scattering, respectively. Defining ( , )   ks is the label for 3D momentum integral, and the scattering with dislocation along z couples phonons with different in-plane 2D momentum s to s', but the same momentum in z-direction, which is quite reasonable. 
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